Multibit Metal Nanocrystal Memories and Fabrication 

This application claims the benefit of Provisional Application No. 60/428,906, filed 
November 26, 2002, the disclosure of which is hereby incorporated herein by reference. 
Background of the Invention 

[00 1] The present invention relates, in general, to metal nanocrystals and methods of fabricating 
the same, and more particularly to semiconductor memory devices incorporating metal nanocrystals 
to provide a multibit-per-cell storage capability. 

[002] Conventional DRAM or Flash memories have been widely employed for many years in 
a variety of applications. DRAMs allow fast write/erase, but suffer from high power consumption 
incurred by the constant refresh operations due to their short retention time of less than a few 
seconds (see B. El-Kareh et al, "The Evolution of DRAM Cell Technology", Solid State 
Technology, Vol. 40, pp 89, May 1997). It is also very difficult to fabricate high-density DRAMs, 
because a large capacitor is necessary for every cell for charge retention and sufficient perturbation 
of the bit line to trigger sense amplification during reading. Flash memories, which offer longer than 
1 0 years of retention time, have the drawbacks of high operation voltage and slow write/erase 
because of their relatively thick tunnel oxide. Known nanocrystal memories and MNOS (SONOS) 
memory devices employing discrete charge traps as storage elements have exhibited great potential 
in device performance, power consumption, and technology scalability, thus recently attracting much 
research attention as promising candidates to replace the conventional DRAM or Flash memories. 
However, such devices have not solved all of the problems inherent in such devices. 
Summary of the Invention 

[003] In accordance with the present invention, metal nanocrystal memories are utilized to 
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further enhance the performance of memory cell devices through work-function engineering. The 
electrical characterization of metal nanocrystal memories, for both single and multi-bit operations, 
is described herein, as is a process for fabricating the memories, the parameters of the devices, the 
write/erase and retention characteristics of the metal nanocrystal memory devices, an operation 
scheme to achieve multi-bit-per-cell storage with nanocrystal memories, and elusion of metal 
contamination in these devices through IV and CV. 

[004] More particularly, in accordance with the present invention, a memory cell incorporates 
discrete charge storage elements, or metal nanocrystals, embedded in an oxide layer between a 
control gate electrode and the surface of a semiconductor substrate. Source and drain regions are 
located on the substrate on opposite sides of a channel region which is adjacent the metal 
nanocrystals. The oxide material between the gate and the metal nanocrystals is referred to as a 
control oxide, while the oxide material between the metal nanocrystals and the semiconductor 
surface is referred to as a tunnel oxide. When stored in these discrete states of electrons, charges are 
more immune to leakage, thus improving device charge retention. 

[005] The charge retention characteristics of the foregoing memory cell are improved, in 
accordance with the invention, by engineering the depth of the potential well at the charge storage 
element locations, or nodes, to create an asymmetrical barrier between the substrate and the storage 
nodes, to provide a small barrier for writing and a large barrier for retention. This is accomplished 
by fabricating the storage modes from metal nanocrystals so that the work function of the metal 
nanocyrstals affects the charge transport through the gate oxide to simultaneously achieve fast 
write/erase times and long retention times. The writing can be further enhanced by making 
nanocrystal decorated control gate contacts, where the built-in field from metal-interface dipoles 



effectively lower the injection barrier from the control gate. 

[006] A significant feature of the herein-described memory cells is the capability of such cells 
to store multiple bits in a single device. Because nanocyrstal memories exhibit minimal lateral 
coupling between the nanocrystals, multibit storage is achieved by selectively charging multiple 
discrete, small portions of the nanocrystals and translating the charging asymmetry into the device 
I-V characteristics. Thus, for example, nanocrystals adjacent the source and the drain electrodes in 
the memory cell are separately and asymmetrically charged by the source and drain bias voltages, 
and these separate charges are separately retained in the cell. 
Brief Description of the Drawings 

[007] The foregoing, and additional objects, features and advantages of the invention will 
become apparent to those of skill in the art from the following detailed description of preferred 
embodiments thereof, taken with the accompanying drawings, in which: 

Fig. 1 (a) is a schematic of a memory cell with discrete charge storage elements; 

Figs. 1(b)- 1(d) are band diagrams illustrating different approaches for improving the 
Ig, Whte/Erase/ ' Ig, Retention ratio of the memory cell of Fig. 1 (a); 

Fig. 2(a) is a band diagram for Si nanocrystal memories under writing; 

Figs. 2(b) and 2(c) are band diagrams for Si nanocrystal memories under retention for 
electrons stored in the nanocrystals (Fig. 2(b)), and for electrons which fall in traps below the 
conduction band edge (Fig. 2(a)); 

Fig. 3 illustrates tunneling transmission coefficients through a rectangular SiCh barrier 
from metals with different work functions; 

Fig. 4 illustrates electron direct tunneling current from Au nanocrystals to Si substrate 
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as a function of the electric field in tunnel oxide; 

Fig. 5 illustrates band diagrams illustrating the design considerations with work function 
engineering; 

Fig. 6 illustrates F-N tunneling transmission coefficients through Si02 barrier from metals 
with different work functions; 

Fig. 7 is a band diagram illustrating the necessity of tuning control gate work function 
in order to achieve effective write/erase operations in the F-N tunneling regime; 

Fig. 8 illustrates a process sequence for metal nanocrystal formation; 

Fig. 9 is a schematic illustration of the driving forces in the self-assembly process of 

Fig. 8; 

Figs. 1 0(a)-(d) illustrate the effect of initial film thickness on Au nanocrystal formation; 
Fig. 1 1 illustrates the effect of annealing temperature on W nanocrystal formation; 
Figs. 12(a) to 12(h) illustrate a process flow for fabricating metal nanocrystal memory 

devices; 

Fig. 13 illustrates the density and size distribution of Ag, Au and Pt nanocrystals; 
Figs. 14(a)-(d) illustrate the write/erase characteristics of nanocrystal memory devices 
by F-N tunneling; 

Figs. 15(a) and 15(b) illustrate the gate current under erase and write conditions, 
respectively, for the samples shown in Fig. 13; 

Fig. 16 illustrates a write operation by CHI for devices with different nanocrystals; 
Fig. 17 illustrates the threshold voltage shift caused by local charging in a split-gate 

MOSFET; 



Fig. 1 8 illustrates the UV erase characteristic of a Ag nanocrystal memory device, with 
a device size of W/L=3(im/9|im; 

Fig. 19 illustrates the electrical erase characteristic of a Ag nanocrystal memory device, 
with a device size of W/L=3^im/2(im; 

Fig. 20 illustrates the retention characteristics of the nanocrystal memory devices of the 
present invention; 

Fig. 21 (a) illustrates a schematic cross section of a 2-bit nanocrystal memory cell; 

Fig 21(b) illustrates a schematic cross-section of a split-gate MOSFET used to simulate 
the asymmetrical charging effect; 

Fig. 21(c) illustrates a virtual ground array architecture used by the 2-bit nanocrystal 
memory cell of Fig. 21(a); 

Figs. 22(a) and 22(b) illustrate simulated I-V characteristics of device 1 in Table HI with 
different bias combinations, wherein Vgi=Vg2=Vg3 represents uncharged floating gate; 
Vgi=Vg2=Vg3+1 ^represents drain side charging; Vgi+1 V=Vg2=Vg3 represents source side charging; 
and Vgi=Vg2'1V=Vg3 represents the case that both sides are charged; 

Figs. 23(a) and 23(b) illustrate simulated surface potential distributions of device 1 in 
Table HI under various charging and biasing conditions, the simulations being performed with the 
same middle gate bias Fg2=0.5V; 

Figs. 24(a) and 24(b) illustrate simulated I-V characteristics of device 2 in Table III with 
the same bias combinations as those in Figs. 22(a) and 22(b); 
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Figs. 25(a) and 25(b) illustrate asymmetrical I-V characteristics experimentally observed 
with an Ag nanocrystal memory device, the size of the device being W/L=3(j.m/9(im and the CHI 
being performed at Vgs= 10V and \Vds\=7V; 

Figs. 26(a) and 26(b) illustrate an overprogramming problem experimentally observed 
in 2-bit-per cell nanocrystal memories, wherein devices have W/L=3 nm/4|j,m, the "good cell" of Fig. 
26(a) being written with Vds=7V, Vgs=10V; the "overprogrammed cell" of Fig. 26(b) being written 
with Fds=9V,- Vgs=\2, and wherein the solid symbols represent the I-V curves before CHI, and the 
hollow symbols represent the I-V curves after CHI; 

Fig. 27 illustrates the effective mobility extracted from devices with different 
nanocrystals; and 

Fig. 28 illustrates deep depletion HFCV measurements for minority carrier lifetime 
estimation for Si, Ag, Au, and Pt. 

Detailed Description of Preferred Embodiments of the Invention 

[008] Turning now to a more detailed description of the invention, Fig. 1(a) illustrates in 
diagrammatic form a schematic of a memory cell 10 having discrete charge storage elements or 
nodes 12, which function as charge traps, embedded in an oxide layer 14, or gate dielectric, between 
a control gate electrode 16 and the surface 18 of a semiconductor substrate 20. Source and drain 
regions 22 and 24, respectively, are located on the substrate on opposite sides of a channel region 
26, which is adjacent the location of the charge storage elements 12. The oxide material between 
the gate 1 6 and the charge storage elements 1 2 is referred to herein as the control oxide 28, while the 
oxide material between the elements 12 and the surface 18 is referred to as the tunnel oxide 30. 
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[009] As illustrated in Fig. 1(a), when stored in discrete traps or nodes, charges are more 
immune to the leakage caused by localized oxide defects, such as the defect illustrated at 31, thus 
improving the device retention characteristics. Memories with discrete charge storage elements such 
as the charge traps illustrated at 1 2 in Fig. 1 (a) allow more aggressive scaling of the tunnel oxide and 
exhibit superior characteristics compared to Flash memories in terms of operation voltage, 
write/erase speed, and endurance. By using an ultra-thin tunnel oxide 30, dynamic or quasi- 
nonvolatile operations can also be achieved to compete with DRAMs. Moreover, the discreteness 
of the charge traps 12 enables multi-bit-per-cell storage as will be described in greater detail below, 
without going through the multi-level approach, which poses stringent requirements on the control 
of threshold spread. The discrete charge storage elements 1 2 utilized in such devices are usually traps 
in a nitride film, or isolated Si or Ge nanocrystals fabricated by various techniques, including 
chemical vapor deposition, low energy ion implantation, annealing of silicon rich oxide, thermal 
oxidation of SiGe, and aerosol nanocrystal formation. 

[010] To improve such devices, the goal is to combine the fast write/erase characteristics of 
DRAM devices with the long retention time of Flash memories. For this purpose an asymmetry in 
charge transport through the gate dielectric 14 is created in order to maximize the 
lG t Wrue/ErasellG,Retention ratio. Three different approaches for achieving this goal are illustrated in the 
band diagrams of Figs. 1(b), 1(c) and 1(d). By replacing the usual rectangular barrier with a 
parabolic or triangular barrier 32, as illustrated in Fig. 1(b), the barrier height can be modulated by 
the electric field in the tunnel oxide. Therefore, a higher tunnel-barrier will be present during 
retention, produced by a low electric field, represented by the solid lines 34 in Fig. 1(b), while a 
lower barrier is present during write/erase operations produced by a high electric field induced by 
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external bias, represented by dashed lines 36 in Fig. 1(b), thus increasing the Icwrite/ErasellcRetention 
ratio. In practice, the parabolic or triangular barrier can be simulated by stacking multiple layers of 
dielectrics. 

[Oil] Another approach is to use double-stacked storage elements having a band diagram 40, 
illustrated in (Fig. 1(c), preferably self-aligned, with smaller storage elements in the lower stack. 
In such devices, fast write/erase can still be achieved, if sufficiently thin tunnel oxides are used 
below and between the two stacks, and the retention time is significantly improved due to the 
Coulomb blockade effect at the lower stack, which prevents electrons in the top stack storage 
elements from tunneling back into the substrate. 

[012] The third and preferred approach, illustrated by the band diagram 42 of Fig. 1 (d), which 
is the focus of this invention, is to engineer the depth of the potential well at the storage elements, 
thus creating an asymmetrical barrier between the substrate and the storage elements, i.e. a small 
barrier for writing and a large barrier for retention. This is achieved, in the present invention, by 
using metal nanocyrstals as the storage elements 12 with a silicon substrate. Then by carefully 
selecting the metal work function, the barrier height can be adjusted by about 2 eV, giving a great 
deal freedom for device optimization. 

[013] The major advantages of metal nanocrystals over their counterpart semiconductor 
nanocrystals and insulator traps include higher density of states around the Fermi level, stronger 
coupling with the conduction channel, a wide range of available work functions, and smaller energy 
perturbation due to carrier confinement. The higher density of states makes metal nanocrystals more 
immune to Fermi-level fluctuation caused by contamination, so the metal nanocrystals tend to have 
more uniform charging characteristics, resulting in tighter Vth control. The wide range of available 
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work functions with metal nanocrystals provides one more degree of design freedom to select the 
trade-off between write/erase and charge retention, because the work function of nanocrystals affects 
both the depth of the potential well at the storage element, or node, and the density of states available 
for tunneling in the silicon substrate. By aligning the nanocrystal Fermi level to be within the Si 
bandgap under charge retention conditions and above the conduction band edge under charge erase 
conditions, a large iG.Erase/lG.Retentioncan be achieved even for very thin tunnel oxides. Because writing 
is performed by tunneling electrons from the Si substrate into the nanocrystals, and can always find * 
available states to tunnel into, and can have a current level similar to iG.Erase, fast write/erase and long 
retention times can be achieved simultaneously in metal nanocrystal memories. 
[014] Metal nanocrystals also provide a great degree of scalability for the nanocrystal size. 
In semiconductor nanocrystals, the band-gap of the nanocrystals is widened in comparison with that 
of the bulk materials due to multidimensional carrier confinement, and this reduces the effective 
depth of the potential well and compromises the retention time. This effect is much smaller in a 
metal nanocrystal because there are thousands of conduction-band electrons in a nanocrystal even 
in a charge neutral state. As a result, the increase of Fermi level is minimal for metal nanocrystals 
of nanometer size. Experimental work on the treatment of ITO (Indium-Tin Oxide) by thin Pt films 
has indicated that the work function of metal thin-films does not deviate dramatically from their bulk 
value down to about 0.4 nm in thickness. To provide single-electron or few-electron memories 
utilizing the Coulomb blockade effect, smaller nanocrystals are preferred. Accordingly, the Coulomb 
blockade effect can be better exploited with metal nanocrystals to achieve ultra low-power memories 
without compromising the retention time from quantum mechanical confinement effects. 
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[015] Nanocrystal memories use the same device structure as shown in Fig. 1(a), and the 
write/erase operations are usually performed by tunneling electrons or holes between the 
nanocrystals 12 and the conduction channel through the tunnel oxide 30. A new degree of freedom 
in designing such devices is introduced by the use of metal nanocrystals, for work function selection 
may be used to tune the work function of the metal nanocrystals to affect the charge transport 
through the gate oxide in order to achieve fast write/erase and long retention times, simultaneously. 
[0 1 6] Depending on the thickness of oxide 1 4, the charge transport is dominated by either direct 
tunneling or F-N tunneling. In the direct-tunneling regime, a thin oxide tunnel layer 30, which may 
be Si0 2 with a thickness of less than 3 nm, is used to separate the nanocrystals 12 from the channel 
26 in the semiconductor substrate 20 . During write/erase operations, electrons/holes can pass through 
the oxide 30 by direct tunneling, which gives the advantages of fast write/erase and low operation 
voltage, as illustrated in the band gap diagram of Fig. 2(a). However, the retention time suffers if 
the storage elements 12 are silicon nanocrystals used as floating gates, as illustrated in Fig. 2(b). 
[017] As illustrated in Fig. 2(a), due to the quantum confinement effect, the bandgap 50 of 
silicon nanocrystals is wider than the band gap 52 of the silicon substrate. For a typical silicon 
nanocrystal size of 5 nm, the ground state is -0. leV above the conduction band edge. Together with 
the electric field generated by the extra electrons stored in the nanocrystals, this effect makes it very 
easy for the electrons to tunnel back into the substrate after writing (Fig. 2(b)) and results in rather 
short retention time. Actually, traps inside the nanocrystals or at the nanocrystal/SiCte interface (Fig. 
2(c)) have to be assumed to explain the relatively long retention time observed in experiments, which 
complicates the controllability and characteristic uniformity of silicon nanocrystal memories. 
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[018] This shortcoming can be overcome by replacing silicon nanocrystals with metal 
nanocrystals. In this case, traps at the nanocrystal/SiCte interface play almost no role, due to the high 
density of states of the metal, which gives more uniform device characteristics and easier process 
control. Moreover, the leakage current from the metal nanocrystals can be tuned by adjusting their 
work functions. There are two effects which can be utilized to benefit the retention time. 
[019] First, by using metal nanocrystals with a larger work function, the barrier height seen by 
the electrons inside the nanocrystals is increased. The increase of barrier height translates into 
reduced tunneling probabilities and enhanced charge retention. Figure 3 illustrates at graph 60 the 
tunneling coefficient vs. metal work function for electrons tunneling through a rectangular oxide 
barrier, for metals with three different work functions, calculated by ID WKB approximation. The 
Figure illustrates that even though direct tunneling is more sensitive to barrier width than to barrier 
height, 2 to 4 orders of magnitude reduction in leakage current can still be achieved if large work 
function metals, such as Au or Pt, are used in place of silicon for the nanocrystals. 
[020] For the tunneling, or transmission, coefficients to translate into real tunneling current, 
states must be available on the other side of the barrier into which the electrons can tunnel. If elastic 
tunneling is assumed, which is a reasonable assumption due to the thin oxide thickness involved, 
tunneling is prohibited for electrons having energies within the bandgap of the silicon substrate. 
Those electrons have to be thermally excited into states above the silicon conduction band edge in 
order to tunnel through. This thermal process will reduce the tunneling current even further. 
[021] Fig. 4 illustrates at 62 a simulated electron tunneling current from metal to a Si substrate 
as a function of the electric field in an oxide layer. The metal used in the simulation is Au and the 
oxide thickness is set to be 2 nm. Fig. 4 illustrates that in the high-field region 64 where the Fermi 
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level of nanocrystals is above the substrate conduction band edge, the tunneling current is large and 
only changes moderately with bias; in the low field region 66, however, the offset of nanocrystal 
Fermi level in the substrate conduction band edge introduces a strong reduction in the tunneling 
current, and an lon/Ljf ratio of larger than 10 15 can be achieved. If hole tunneling is included, the 
Ion/Iqffratio will be reduced due to the increase of Lff. In practice, careful selection of substrate doping 
has to be made to minimize hole tunneling. 

[022] Figure 5 illustrates the design considerations in exploiting this work-function effect. 
There are four tunneling processes contributing to leakage current in a device: at state 0, illustrated 
by band diagram 68, electrons can tunnel from the substrate to the nanocrystals and holes can tunnel 
from the nanocrystals to the substrate; at state 1, illustrated by band diagram 70, holes can tunnel 
from the substrate to the nanocrystals and electrons can tunnel from the nanocrystals to the substrate. 
To minimize both the electron and hole tunneling from the substrate to the nanocrystals, Ef needs 
to be set carefully by substrate doping. Afterwards, trade-off between retention time and readability 
has to be made in setting the device operation points. 

[023] It can be seen from Fig. 5 that maximizing SV l and 5V 2 will improve the retention time, 
at the price of reduced readability. For effective read-out, 5V TH of about IV is necessary to separate 
the two states. For a typical device with 2 run thick tunnel oxide 30 and 8 nm thick control oxide 28, 
that translates into about a 0.2eV difference at the nanocrystals in the band diagram, and hence sets 
5V, and 5V 2 to be about 0.5V. This margin can be significantly enhanced if the silicon substrate 20 
is replaced with a wide-band-gap semiconductor. However, the suppression of leakage current is 
effective only if a clean interface can be achieved between the substrate and the gate insulator; 
otherwise, tunneling through the interface states will take place and increase the leakage current. 
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[024] Because of the discreteness of the nanocrystals 12, the control-gate coupling ratio of 
nanocrystal memory devices is inherently small. As a result, F-N tunneling cannot serve as an 
efficient write/erase mechanism when a relatively thick tunnel oxide is used, because the strong 
electric field cannot be confined in one oxide layer. However, this situation can be changed by the 
work function selection available with metal nanocrystal memories. By manipulating the work 
function of both the nanocrystals and the control gate, one can change the corresponding barrier 
height, thus changing the turn-on electric field for F-N tunneling from the nanocrystals and control 
gate. Then, even with similar electric fields in the control and tunnel oxides, F-N tunneling can be 
confined into one oxide layer, thus improving the write/erase efficiency. 

[025] Figure 6 illustrates at 72 the work function dependence of F-N tunneling on the turn-on 
electric field for various metals, showing that F-N tunneling probability has a very strong 
dependence on the metal work function. The reason is that, in the F-N-tunneling regime, both the 
height and the width of the barrier are modulated by the work function. By increasing the work 
function by 0.3eV, the tunneling, or transmission, coefficient can be suppressed by 2 to 4 orders of 
magnitude, depending on the electric field selected for write/erase. However, manipulating only 
the work function of the nanocrystals is not sufficient to confine tunneling into one oxide layer and 
to have effective write/erase. As shown at 74 in Fig. 7, it is assumed that the erase operation is 
performed with a positive Vcg and reaches steady state, at the end of erase: 
Iei (E E1? X si ) = I E2 (E E2 ,0 FG ) (Eq.2) 



with the charge density in the nanocrystals given by: 
p = (£ £2 -E E1 ) 
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(Eq. 3) 



[026] When a negative Vcg is applied for the write operation, illustrated at 76 in Fig. 7, it is 
first assumed that the device is biased in such a condition that 

E W1 =E E2 (Eq.4) 
[027 [ At the beginning of writing, because the nanocrystals are still holding the same amount 
of charge as after erase, it is easy to show that 

Ew2 = Eei (Eq. 5) 

[028] Then, if the control gate is made of poly-silicon, neglecting the difference in electron 
distribution: 

Iw2(Ew2 9 Xsi) . Iwi(Ewi t 0 FG ) = Ie2(Ee2 9 <DFG) = Iei(Eei> Xsi) (Eq. 6) 
and the device cannot be effectively written independently of the selection of the nanocrystal work 
function. The above equations also hold true if the control gate is made of metals with the same work 
function as the electron affinity of the Si substrate. 

[029] To avoid this problem, the work function of the control gate (<D CG ) has to be tuned to 
suppress or enhance tunneling from the control gate. If O cg > Xst, tunneling will be limited within 
the tunnel oxide and writing can be performed by extracting electrons from the nanocrystals. If <£ CG 
< Xsi, a smaller control gate bias can be used for the write operation to initiate tunneling only in the 
control oxide and extra electrons can be injected into the nanocrystals. After choosing the control 
gate work function, the threshold voltage can be tuned by the nanocrystal work function, because 
it determines the charge density of nanocrystals under steady states. 

[030] It can be seen from the analyses above that the concept of work function engineering can 
also be applied to conventional Flash memories. However, the thermal and mechanical 
incompatibility of metal film on top of an ultra thin gate oxide makes the process difficult, due to 
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concerns about oxide integrity, interface states and channel carrier mobility. In nanocrystal 
memories, on the other hand, those problems can be alleviated through self-assembled nanocrystal 
formation, which produces thermodynamically stable structures and introduces minimal 
contaminations into the oxide and channel region underneath. A repeatable self-assembly process 
has been developed and demonstrated, using Au, W, Ag and Pt nanocrystal formation on thin oxide 
film. The effect of various process parameters on nanocrystal formation has been analyzed, including 
material, initial metal film thickness, thermal annealing profile, etc. , and this process has been 
incorporated into a simplified NMOS process to fabricate metal nanocrystal memory devices. 
[031] The basic procedures for metal nanocrystal formation are illustrated in Fig. 8. Starting 
with a Si wafer 80 covered by a thin layer of thermal oxide 82, a metal wetting layer 84 of 1 to 5 nm 
thickness is deposited by e-beam evaporation, illustrated by arrows 86. Then, the film is annealed 
at elevated temperatures (RTA) close to its eutectic temperature with the substrate in an inert 
ambient, illustrated at 48, to transform the wetting layer into nanocrystals 90. This process is 
achieved through relaxation of film stress and is limited by surface mobility. Some long-range forces 
such as the dispersion force and the electrical double layers will also affect the nanocrystal size and 
location distributions. 

[032] Before RTA, the as-deposited film 84 naturally has some thickness perturbation, and 
nanocrystals may start to form, although without a clear separation. When the film 84 is RTA treated 
to give the atoms enough surface mobility, however, the film will self-assemble into a lower total- 
energy state. Fig. 9 illustrates the major driving forces that contribute to this process. To reduce the 
elastic energy carried by the stress built into it during the deposition process, the film 84 tends to 
break into islands 90, 92 along an initial perturbation 94. Minimization of the surface energy and 
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the dispersion force between the top and bottom interfaces can help stabilize the film, so the final 
geometry will depend on the balance between these driving forces. Once the nanocrystals 90, 92 
have formed, the work function difference between the metal and the extrinsic substrate 80 generates 
localized depletion or accumulation regions 96, 98 in the substrate. The repulsion force between 
those regions helps to stabilize the nanocrystals and to keep a uniform distance between them. 
[033] Figures 10(a)-(d) show SEM pictures of nanocrystal formation before and after RTA 
from Au films 84 of different thicknesses of 2nm, 3nm, 5nm and 10 nm, respectively, on top of an 
8 nm thick thermal oxide layer 82, and the resulting nanocrystal size distribution. All samples went 
through the same annealing cycle at 550°C for 5 minutes. For thin film under 3 nm in thickness, 
nanocrystals can be seen even without annealing. After RTA, well-defined nanocrystals with round 
shapes and certain size distribution can be achieved. As the film grows thicker, the deposited film 
shows more inter-links between nanocrystals and gradually transforms into irregular interlocked 
islands, so that after RTA, the nanocrystals become bigger with wider and more irregular size 
distribution. When the film exceeds a certain thickness threshold, interlocked islands remain after 
RTA and no nanocrystals are formed (Fig. 10(d). 

[034] The effect of the annealing profile in W nanocrystal formation is shown by SEM pictures 
in Figs. 1 l(a)-(d). At low temperatures, the nucleation sites are sparse and the atoms have limited 
surface mobility. As the result of different growth rate along different crystal orientations, needles 
having aspect ratios as large as 40: 1 can be formed after RTA. When the annealing temperature is 
raised, both the number of nucleation sites and the atom surface mobility increase. Then the RTA 
tends to generate needles with smaller aspect ratios until at 1 050°C (Fig. 1 1 (c)) 5 when nanocrystals 
instead of needles are formed. 
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[035] Nanocrystal formation for other materials that cover a wide range of work functions, 
including Ag, Co and Pt, has been demonstrated, and similar behavior has been observed. With films 
ranging 1 to 5nm in thickness, a working RTA window for nanocrystal formation can be found in 
most cases. Table I summarizes the typical RTA conditions used for different materials. 



Table I. Typical RTA profiles for metal nanocrystal formation 



Materials 


Peak Temperature 


Annealing Time 


Temperature Ramp Rate 


Au 


550 ~ 600 °C 


~ 30 seconds 


~50°C/s 


Ag 


550 ~ 550°C 


~ 30 seconds 


~50°C/s 


Pt 


900 ~ 950 °C 


~30 seconds 


~50°C/s 


W 


>1100°C 


~ 30 seconds 


~50°C/s 


Co 


600 ~ 700 °C 


~ 30 seconds 


~50°C/s 



[036] Using the foregoing repeatable process for self-assembled nanocrystal formation with 
controllable density and size distribution, metal nanocrystals can be incorporated into a standard 
MOSFET structure to fabricate non-volatile memory devices. The key steps of a simplified NMOS 
process are illustrated in Figs. 12(a)- 12(h). 

[037] Starting with a p-type silicon wafer 100 (Fig. 12(a)), a 20nm thick thermal oxide layer 
102 is grown by dry oxidation, followed by a lOOnm thick nitride deposition 104 as the oxidation 
mask for LOCOS isolation. The active region 106 is defined by optical lithography and reactive ion 
etching (RDE) of the nitride layer. Then l^m field oxide 108 is grown by wet oxidation (Fig. 12(b)). 
A maskless RJE is performed to strip the nitride on top of the active region (Fig. 12 (c)). Channel 
implantation followed by annealing is then applied for threshold voltage adjustment and control of 
punch through. 
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[038] For the gate stack formation (Fig. 1 2(d)), the wafer is first MOS cleaned with an HF dip 
to remove the pad oxide over the active region. Then the tunnel oxide 1 1 0 is grown by dry oxidation. 
Thereafter, the nanocrystal formation procedure is carried out, illustrated by dotted line 112, 
followed by PECVD oxide deposition to form the control oxide 114. The control gate 1 1 6 is formed 
on top of it by co-sputtering of Si and W (Fig. 12(e)), and the gate is patterned and etched by RIE. 
Then n+ ion implantation followed by RTA at 800°C is performed to form a self-aligned source 
region 118 and a drain region 120. Another 0.5jim oxide layer 122 is deposited (Fig. 12(f)) to 
provide spacer isolation between the gate and the source/drain. Contact windows 124, 126 and 128 
to both the gate and source/drain are then opened (Fig. 12(g)) with one step lithography and etching. 
Finally, W is sputtered and patterned at 130 for the interconnect (Fig. 12(h)). 
[039] The above-described process integration may, in some cases, result in leftover 
nanocrystals in the source/drain area after gate etching; furthermore, care must be taken to preserve 
the thermal stability of the nanocrystals during the source/drain dopant activation, which usually 
requires an annealing temperature of 800°C or higher. However, the metal nanocrystal memory 
devices fabricated with 800°C dopant activation annealing demonstrated localized nanocrystal 
charging, and neither abnormal source/drain behavior (excessive resistance/leakage) nor trace of 
metal contamination in the substrate was observed. 

[040] N-channel metal nanocrystal memory devices using the technology described above, 
including MOSFETs with length and width ranging from 2 (a,m to 27 |um along with diodes and 
MOS capacitors of various sizes, were fabricated to demonstrate work-function engineering. Figure 
13 shows at 140 the density and size distribution of Ag, Au and Pt nanocrystals, with their 
respective SEM images shown in the inserts. Si nanocrystal memories and MOSFETs without 
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nanocrystals were also fabricated as control devices. Table II summarizes the major process 
parameters of the test devices. 

Table II. Process parameters for fabricated nanocrystal devices 



Process Parameters 


Value 


MOSFET Length (urn) 


2-18 


MOSFET Width (urn) 


3-27 


Tunnel Oxide Thickness (nm) 


~ 8 


Control Oxide Thickness (nm) 


~30 


Nanocrystals 


Si, Au, Ag and Pt 


Control Gate 


WSi 2 


Field Oxide Thickness (um) 


~1 


Substrate Doping (cm 3 ) 


Boron, 10 17 


Source/Drain Doping (cm 3 ) 


AsorP, 10 20 



[041] Due to the conservatively selected tunnel oxide thickness of 8 nm, all of the 
fabricated devices described above operated in the F-N tunneling regime. Figures 14(a)-(d) 
illustrate the write/erase characteristics of different devices with nanocrystals of Si, Ag, Au, and 
Pt, respectively, by F-N tunneling. The write/erase operation is performed by biasing the control 
gate 16 at +/- 20V, respectively, while keeping the source 22 and drain 24 grounded. The gate 
currents under erase and write conditions for each material is shown in Figs. 15(a) and 15(b), 
respectively. 

[04423] Although WSi2 is used as the gate material in the foregoing device, a gradual 
transition from Si to W is used in device fabrication to ensure proper gate adhesion. A Si layer 
of a few nanometers in thickness exists at the control-gate/control-oxide interface, which makes 
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the tunneling barrier height at the control gate and at the substrate essentially the same. This lack 
of asymmetry hinders the effectiveness of F-N tunneling as a write/erase mechanism, despite the 
nanocrystal work function. This is evident for the Si and Ag cases, as shown in Figs. 14(a) and 
(b). The memory effect of the Au and Pt cases (Figs. 14(c) and (d)) can be attributed to the trap 
enhanced leakage current in the control oxide 14, which can be seen from the noisier gate current 
under write/erase, as shown in Fig. 15. Fig. 14 also illustrates some slight degradation of 
subthreshold swing after erase, which is caused by the non-uniform charging of nanocrystals due 
to the random distribution of oxide traps. 

[043] Without effective F-N tunneling, the write operation can be achieved through channel 
hot-carrier injection (CHI). Figures 16(a)- 16(d) illustrate the write operation by CHI for different 
devices, using Au, Ag, Pt and Si, respectively. Though CHI only happens at the drain end where 
a strong lateral electric field exists, and cannot charge all the nanocrystals, it is enough to create 
memory operations at low Vds. Figure 17 shows a 2D simulation of a split gate transistor 150, 
having gates 152 and 154 over channel 156. The curve 158 illustrates the local charging effect 
generated by CHI using the device simulator ATLAS. It can be seen that for the channel length L 
considered in the simulation, as long as the charged nanocrystals cover about 20 percent of the 
channel, effective threshold voltage shifts can be obtained. For devices written by CHI, erasure 
can be achieved either by UV exposure, as shown by curve 160 in Fig. 18, or by F-N tunneling. 
[044] Figure 19 shows, at curves 162, 164 and 166, respectively, the CHI write 
characteristics and the electrical erase characteristics of an Ag nanocrystal memory device. 
Devices with Ag nanocrystals are chosen for the erase test because of their better control-oxide 
quality, as demonstrated in the F-N tunneling test from Figs. 14 and 15. An interesting feature of 
this device is that the electrical erase can be achieved through either positive (curve 164) or 
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negative (curve 166) gate bias, with corresponding band diagrams being shown in the inserts 168 
and 170, respectively, of Fig. 19. After CHI, the extra electrons injected into the nanocrystals 
close to the drain create asymmetrical electric fields in the control and tunnel oxides (C- oxide 
and T- oxide, respectively, in Fig. 19). As a result, for the charged nanocrystals, F-N tunneling 
turns on first in the tunnel oxide under negative gate bias, and in the control oxide under positive 
gate bias, and the net effect in both cases is to erase the cell. Due to the similar barrier heights at 
the control gate and the substrate, both operations return to the same state. 
[045] Figure 20 shows, at curves 172, 174, 176 and 178, typical pre-stressed retention 
characteristics of devices with different nanocrystals, including Ag, Au, Pt and Si, respectively. 
Retention time up to 10 6 sec. (>1 week) is achieved for all the devices. Because the programming 
is performed by charging a small portion of the nanocrystals through CHI, the charge loss 
mechanisms during retention include both the vertical loss through the oxide and the lateral 
charge redistribution among the nanocrystals. Hence, the retention characteristic is not only 
determined by the vertical oxide thickness and barrier height, but also is influenced by the 
average distance between nanocrystals, which affects the lateral charge redistribution. From Fig. 
13 it is seen that Pt nanocrystals have the largest distance between adjacent nanocrystals. 
Therefore, combined with their large work function, the device with Pt nanocrystals 
demonstrates the best retention characteristic, which is evident in Fig. 20. 
[046] A significant feature provided by nanocrystal memories in accordance with the 
present invention is the storage of multiple bits in a single device. In conventional Flash 
memories, multi-bit storage can only be achieved through a multi-level approach, which has 
stringent requirements on the control of the threshold spread. In nanocrystal memories, on the 
other hand, because of the minimal lateral coupling between the nanocrystals, multi-bit storage is 
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achieved through a multi-element approach by selectively charging a small portion of the 
nanocrystals to produce a charging asymmetry and translating that asymmetry into the device I-V 
characteristics. The multi-element approach has the advantage of a relaxed requirement on 
threshold spread, for minimizing the lateral charge redistribution can be accomplished in 
nanocrystal memories through the control of the nanocrystal size and spacing. 
[047] Figure 21(a) illustrates in diagrammatic form the cross section of a nanocrystal 
memory device 190 along a channel 192, and illustrates the location of two storage nodes 194 
and 196 below a gate 198. Illustrated in Fig. 21(b) is a split-gate MOSFET 200 having gates 
202, 204 and 206 located above a channel 208 and used to study the local charging effect by 
simulation. The storage nodes, or elements 122 and 124, for Bit 1 and Bit 2 are the portions of 
the nanocrystals which are located directly above side junctions 214 and 216 of source 210 and 
drain 212, respectively. Figure 21(c) illustrates at 220 a virtual ground array architecture that can 
be used by the 2-bit nanocrystal memories. Using buried n+ implants as bit-lines and poly stripes 
as word lines, the array can be made contactless, thus resulting in a very compact cell. Combined 
with the good scalability of the nanocrystal memory devices and their multi-bit storage 
capability, this array architecture is suitable to build nanocrystal memories with very high 
integration density. 

[048] To estimate the effect of asymmetrical nanocrystal charging on device I-V 
characteristics, 2D device simulation, based on the split-gate MOSFET shown in Fig. 21(b), was 
carried out using the device simulator ATLAS. In the simulated device, the two side gates 202 
and 206 represent the portions of nanocrystals that can be charged by CHI, and these represent 
Bits 1 and 2 of Fig. 21(a). To simulate the asymmetrical charging effect, the gate corresponding 
to the charged nanocrystals is biased lower than the middle gate 204, with a fixed offset. Devices 
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with various channel and side-gate lengths are simulated to study the scalability of this effect. 

Table in lists the parameters of two selected devices. 

Table III. Device parameters used for simulation of the 
asymmetrical charging effect 





Leff 


Nsub 






Lqi L G3 


T G 


Device 1 


2fxm 


lO'W 3 


10 20 cm- 3 


6nm 


0.2^im 


4nm 


Device 2 


0.1(am 


10 18 cm" 3 


10 2( W 


2nm 


15nm 


2nm 



[049] Figures 22(a) and 22(b) show the simulated I-V characteristics of device Tin Table III 
with various bias conditions corresponding to all the possible charging configurations in a 
nanocrystal memory device with CHI programming. The figures illustrates that, while charges at 
both the source and the drain sides produce similar threshold voltage shifts under low Vds (7ig. 
22(a)), asymmetric charging can generate a significant asymmetry in device I-V characteristics 
when a large Vds is applied (Fig. 22(b)), thus enabling 2-bit-per-cell memory operation. The 
physical operations are illustrated as the following. 

[050] Under low Vds, the asymmetry effect is minimal because in this condition the surface 
potential OS is almost exclusively controlled by the gate. Even though different nanocrystal 
charging patterns (source side or drain side) produce a different <Ds distribution along the channel, 
the effective barrier height seen from the source will be virtually the same. In the subthreshold 
regime, the drain current is more sensitive to the barrier height than the barrier peak location. 
Therefore, a similar threshold voltage is obtained whether the charged nanocrystals are located at 
the source side or at the drain side. With a large Vds, however, the surface potential close to 
the drain will be strongly influenced by the drain bias as well. In the extreme case, the lateral 
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electrical field generated by the drain bias can be so strong that the charges in the drain side 
nanocrystals are completely screened and <t>s close to the drain is solely determined by the drain 
bias. In this case, only charges in the source side nanocrystals can generate a threshold voltage 
shift and charges in the drain side nanocrystals will have virtually no effect on the drain current. 
[051] The above discussion is corroborated by the simulated distributions shown in 
Figs. 23(a) and 23(b). It can be seen that, when the drain bias is small (Fig. 23(a)), the charged 
nanocrystals can always create an effective barrier to block current transfer, no matter at which 
side they are located. Under large drain bias (Fig. 23(b)), on the other hand, the charges in the 
drain side nanocrystals are strongly screened by drain-induced barrier lowering (DIBL) and are 
thus unable to affect the current while the source side charging remains effective. 
[052] Figures 24(a) and 24(b) illustrate the simulated I-V characteristics of device 2 in 
Table III. It can be seen that the asymmetrical behavior observed for device 1 (Figs. 23(a) and 
23(b)) holds true with short channel devices down to 0.1 urn in channel length. A 15 nm wide 
strip of charged nanocrystals is enough to generate a substantial memory effect. Therefore, this 
effect can be utilized to build ultra-high density, multibit, single-transistor memory cells in the 
deep sub-micron regime. 

[053] Based on the above simulation results, it is possible to achieve 2-bit per cell storage 
with nanocrystal memory devices, in which a simple source/drain reversal can be used to address 
the second bit stored in a cell. The only requirement is that the read operation has to be 
performed with a relatively large Vds to guarantee successful readout. While this bias condition 
may raise a concern of increased disturbance of the drain during reading, such disturbances can 
be minimized by optimizing the channel doping profiles and carefully choosing the Vgmad and 
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Vdmad. Table IV summarizes the bias configurations used to read and write the two bits stored 
in a single cell. 

Table IV. Bias configurations for independent addressing 
of the two bits stored in a single cell 





Bit-H* 9 • ®*-Bit-2 




READ 


WRITE 


mm - wm 


V G 


Vj 


v 2 


V G 


Vi 


v 2 




Bit-l 


Vq,read 


GND 


Vdmad 


Vg, write 


Vd.write 


GND 


Bit-2 


Vg.read 


Vd.read 


GND 


Vg.write 


GND 


Vd.write 



[054] To validate the concept of 2-bit-per-cell storage, measurements corresponding to the 
simulations were performed, with results shown in Figs. 25(a) and 25(b). The device measured 
in these figures contained Ag nanocrystals (the same behavior can also be observed in devices 
with Au or Pt nanocrystals) and CHI was performed with Vgs=1QV and \Vds\=7V. The I-V 
characteristics shown in Figs. 25(a) and (b) agree with the simulation results very well. 
[055] Before CHI, the device I-V characteristic is symmetric. After one side of the 
nanocrystals are charged by CHI, small Vds (Fig. 25(a)) still produces symmetric I-V 
characteristics with a shift in threshold voltage, while a large asymmetry in device I-V 
characteristics can be observed under large Vds (Fig. 25(b)), which can be used to independently 
address two bits stored in a single transistor device. However, to guarantee successful 2-bit-per- 
cell storage, the write operation has to be properly controlled. 

[056] If a large portion of the nanocrystals is charged during writing, interference between 
the two bits may occur. In this situation, the drain bias cannot fully screen out the charge in the 
drain-side nanocrystals and the source-side bit cannot be independently accessed. Figures 26(a) 
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and 26(b) compare the I-V characteristic of an over programmed cell (Fig. 26(b)) with that of a 
good cell (Fig.26(a)). The data shown are the read-out current when accessing the left bit 
(unprogrammed) before and after the right bit is programmed. It can be seen that, for the good 
cell, the left bit can be accessed with Vd$=1.5V without interference from the right bit, while for 
the over programmed cell even at Vds=5 V the charges stored in the drain-side nanocrystals can 
still cause appreciable threshold voltage shift, thus causing errors in the readout of the left bit. To 
avoid this problem, VDs/VGsmd the duration for the write operation need to be carefully selected, 
or a write-verify scheme needs to be adopted. 

[057] When metal is used on top of a thin gate oxide, contamination of the channel by metal 
penetrating through the oxide is usually a concern. In metal-nanocrystal memory devices, 
however, this problem is less severe because the nanocrystals are formed through a self-assembly 
process. Self-assembly by its very nature produces thermally and chemically stable structures, so 
any process involving breaking the self-assembled geometry (e.g., metal atoms leaving 
nanocrystals and penetrating into the channel) is less likely to happen. 
[058] To monitor the possible channel contamination, both TV and C-V measurements 
were carried out for the nanocrystal memory devices. Figure 27 illustrates the extracted effective 
carrier mobility for devices with different nanocrystals as well as MOSFETs without 
nanocrystals. Within experimental resolution, extracted mobilities for different devices fall on 
the same curve and show little deviation from that of a simple MOSFET without nanocrystals. 
Also shown in the figure are mobility data for devices with similar channel doping. The 
mobilities extracted from the present devices are about 30% lower and show a smaller Eeff 
dependence in the mid and high field regions. This discrepancy can be explained by the stronger 
scattering from the interface states in the present devices. Because no passivation annealing was 
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performed during device fabrication because of a concern about control gate adhesion, the 
present devices have relatively high density of the interface states (mid lOn cm-2eV-i). The extra 
scattering from the interface states will reduce the effective mobility and produce a weaker Eeff 
dependence, because on the one hand as Eeff becomes larger, electrons are closer to the interface, 
thus experiencing stronger scattering, while on the other hand electron concentration becomes 
higher, thus also producing stronger screening. 

[059] Figures 28(a) to 28(d) show the deep depletion high frequency C-V measurements on 

MOS capacitors of 200 urn in diameter at different ramp rates for minority carrier lifetime (t 0 ) 

estimation for Si, Ag, Au and Pt nanocrystals. Deep depletion is readily observable for all the 

devices with 1 V/sec ramp rate. From the difference in depletion capacitance under a linear sweep 

and from that measured quasi-statically, the minority carrier lifetime can be extracted. Table V 

lists the extracted minority carrier lifetime for different devices. Lifetimes ranging from 0.02- 

0.1 2^s are obtained, without apparent differences among the different samples. 

Table V. Extracted minority carrier lifetime from 
devices with different nanocrystals 



Samples 


Au 


Ag 


Pt 


Si 


No Nanocrystals 


x(|asec) 


0.02-0.07 


0.04-0.06 


0.06-0.12 


0.03-0.05 


0.04-0.1 



[060] Both the I-V and C-V measurements suggest that the channel is free from metal 
contamination and support the hypothesis that the herein-disclosed self-assembly process helps 
alleviate the contamination problem. 

[061] As described above, metal nanocrystal memories have the potential of achieving fast 
write/erase and long retention times simultaneously. Depending on the applications (nonvolatile 
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or dynamic), metal nanocrystal memories can be engineered to work either in a direct tunneling 
regime or in the F-N tunneling regime. Work function engineering may be used, as the design 
principle for such devices. A fabrication process utilizing self-assembled metal nanocrystals and 
the characteristics of Ag, Au, and Pt nanocrystal memory devices operating in the F-N tunneling 
regime have been described. These devices can be programmed by CHI and erased by UV 
exposure or F-N tunneling, and a retention time up to 10 6 and 2-bit-per-cell storage capability 
have been described. The extracted inversion channel mobility and minority carrier lifetime 
suggest minimal contamination from the metal nanocrystals. 

[062] Although the invention has been described in terms of preferred embodiments, it will 
be understood that numerous variations and modifications may be made, without departing from 
the true spirit and scope thereof, as set out in the following claims. 
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